Adequate responding to threat is essential to survival. The optimal defensive behavioural response depends on threat imminence. Serotonin transporter (5-HTT) gene variance is known to affect defensive behaviours, and thought to predispose to stress-related disorders. Here, we propose that reduced 5-HTT availability is associated with increased defensive behaviours before and after threat detection, as well as flight behaviour at circa-strike, all aimed at preventing direct threat confrontation, whereas it reduces fight behaviour. These differences in preferred behavioural responses seem concomitant with shifts in activity in the neurocircuitry underlying defensive behaviours. However, understanding of the altered recruitment of the neurocircuitry of defensive behavioural repertoires is still limited, warranting further research to delineate how 5-HTT gene variance affects neural responses along the threat imminence continuum. 
Introduction
To survive on planet earth it is essential to use effective strategies to cope with threat and danger. Some individuals may be better capable of adapting their defensive behaviour to current demands, providing them with a potential survival advantage. Understanding such individual differences in the adaptability of defensive behaviour is paramount to understanding stress-related psychopathologies characterized by maladaptive stress coping, such as anxiety and depression, and to finding targets for treatment.
The threat imminence model, as proposed by Fanselow and Lester [1] , proposes that defensive behaviours escalate across three stages of threat imminence: During the pre-encounter phase there is a yet undetected, potential threat (e.g. the possible presence of a predator), which reduces exploration and foraging behaviours. During the post-encounter phase a threat is detected but still remote, which typically triggers vigilance and behaviours targeted at active or passive (by minimizing risk of detection e.g. by freezing) avoidance of the predator or preparation for a potential attack [2] . During circa-strike, there is a direct interaction with the threat (e.g. when the predator attacks), which triggers active flight (e.g. running or jumping) or fight behaviours (e.g. biting, scratching, or punching) [3] .
While this cascade of defensive behaviours is evolutionary well-conserved and observed across species, there are substantial individual differences in their expression and one's flexibility to switch between them. One factor contributing to these individual differences is the serotonin transporter (5-HTT), which is responsible for the reuptake of serotonin from the extracellular space. Humans and non-human primates carry a common variant in the 5-HTT gene which involves the serotonin transporter-linked polymorphic region (5-HTTLPR) [4] . The short (s) allelic variant of the 5-HTTLPR gene variant is associated with reduced transcription of the 5-HTT gene and increased stress-sensitivity and risk for stress-related disorders [4, 5] , symptoms that are mimicked in rodent models lacking the serotonin transporter [6] . While 5-HTT gene variance has been widely investigated for specific defensive behaviours, a comprehensive view on how 5-HTT gene variance and consequent altered serotonin signalling modifies the full cascade of defensive responses and their underlying neural processes in the threat imminence model is still missing. We here review existing literature in humans, nonhuman primates and rodents, on the effect of 5-HTT gene variance on the expression and neural organisation of defensive behaviours across the three stages of the threat imminence model. We propose that increased serotonin availability due to inherited 5-HTT down regulation increases the likelihood that animals display defensive behaviours during pre-encounter and postencounter phases as well as flight behaviour at circastrike, but reduces circa-strike fight, potentially because of reduced evolutionary need for such active, defensive behaviour in cautious animals.
Threat imminence model: neural organisation
The three stages of the threat imminence model are coordinated by distinct neurocircuitries (Figure 1(a) ). In the pre-encounter phase a neurocircuitry including the lateral aspect of the central amygdala (CeA), bed nucleus of the stria terminals (BNST), hypothalamus, and striatum, coordinates the inhibition of exploratory and foraging behaviours that reduces the chance of encountering threat [7] . At the same time, lateral CeA projections to the Nucleus Basalis of Meynert reduce acetylcholinergic inhibition of sensory cortices [8] , which may increase attention to potential threats. In the postencounter phase, avoidance behaviours can be initiated by recruitment of the amygdala, hippocampus, striatum and dorsomedial prefrontal cortex, which may return the neural network to its pre-encounter stage and reflect responses to sustained distal threats [9] . Moreover, activity is observed in the ventromedial prefrontal cortex (vmPFC), anterior cingulate cortex (ACC) and hippocampus, which possibly mediates the evaluation of the threat and complex planning of avoidance strategies [10, 11] . Furthermore, activity in the basal and lateral amygdala, lateral aspects of the CeA, hypothalamus, and amygdala projections to the ventral periaqueductal grey (PAG) elicit fast vigilant behaviours such as freezing and threat-induced analgesia [7] . Specifically, an inhibitory pathway from the lateral CeA to the ventrolateral PAG (vlPAG) produces freezing by disinhibition of vlPAG excitatory outputs to pre-motor targets in the magnocellular nucleus of the medulla [12 ] . When circa-strike behaviours are initiated, forebrain regions are inhibited to allow rapid responses to acute danger, without interference of other brain processes [11] . Moreover, dorsolateral PAG (dlPAG) glutamatergic neurons will be rapidly disinhibited to elicit fight-or-flight behaviour. To allow for a rapid switch between passive and active coping behaviour with increasing threat imminence, the recruitment of these neurons, which is potentially mediated through differential CeA input, concomitantly blocks freezing behaviour by activation of GABAergic neurons controlling excitatory vlPAG output to the medulla [13 ] . Although human and non-human primate neuroimaging studies lack the spatial specificity to investigate the microcircuitry of defensive behaviours at this level of subnuclei, they largely confirm the switching between distinct neurocircuitries along the threat imminence continuum as shown in Figure 1 Simplified neurociruitry of defensive responses along the threat imminence continuum and effect of 5-HTT availability. (a) Simplified model of shifts within the neurocircuitry underlying defensive responses along the threat imminence continuum. During the pre-encounter phase, when a potential threat is yet undetected, interactions between the amygdala, BNST, prefrontal regions, nucleus accumbens, and hypothalamus can reduce exploration and foraging behaviours, and evoke-specific sympathetic responses via the hypothalamus. During the post-encounter phase, when threat is detected but still remote, activity shifts to distinct amygdala cell subpopulations that in interaction with the prefrontal cortex can either evoke avoidance behaviours via the nucleus accumbens or freezing via the ventral periaqueductal gray whilst triggering-specific sympathetic responses via the hypothalamus. During the circa-strike phase, when there is direct interaction with danger (e.g. a predator), activity shifts to other amygdala cell subpopulations that can trigger flight and fight behaviours via the dorsal periaqueductal gray whilst triggering-specific sympathetic responses via the hypothalamus. (b) 5-HTT availability affects the likelihood of defensive behaviours along the threat imminence continuum so that animals with low 5-HTT gene expression are more cautious and readily show defensive responses when threat is distal, resulting in less need for circa-strike behaviours as they rarely let threats become proximal. Abbreviations: vmPFC = ventromedial prefrontal cortex, dmPFC = dorsomedial prefrontal cortex, nucl Acc = nucleus accumbens, BNST = bed nucleus of the stria terminals, CEA = central amygdala nucleus, BLA = basal and lateral amygdala nuclei, hypoth = hypothalamus, dlPAG = dorsolateral periaqueductal gray, vlPAG = ventrolateral periaqueductal gray.
Serotonin transporter gene variance
Serotonin is a phylogenetically ancient neuromodulator, playing a central role in the control of mood, and is currently hypothesized to mediate 'environmental sensitivity' [17 ] or 'beneficialness' [18] . By increasing the organism's sensitivity to motivationally relevant environmental stimuli, such as food or threat, serotonin plays a key role in the survival of organisms. Serotonin levels in the synapse are regulated by the serotonin transporter (5-HTT), which is (highly) expressed in amongst others the raphe nuclei, frontal cortex, caudate putamen, nucleus accumbens, amygdala, BNST and hippocampus [19, 20] , and thereby optimally positioned to modulate the effects of serotonergic signalling in these regions. The 5-HTTLPR low activity short (s) allelic variant has been associated with increased trait anxiety [4] and risk for stress-related disorders [21] , and is modelled by 5-HTT knockout (KO) rodents [22] . Both 5-HTTLPR s-allele carriers and 5-HTT KO rodents show overall increased stress sensitivity, and increased amygdala, but reduced prefrontal cortex reactivity to threat [23] . Interestingly, extracellular serotonin (which is increased in case of 5-HTT down regulation [6] ) is assumed to facilitate defensive responses to potential threat that are related to anxiety (like inhibitory avoidance) during threat pre/ post-encounter, whereas it is thought to inhibit defensive responses like escape to proximal danger that are related to panic at circa-strike [24] . The former action would be exerted at the forebrain, chiefly the amygdala and vmPFC, whereas the latter would be exerted at the dlPAG [24, 25] . Therefore, 5-HTT variance likely influences threat imminence-related defensive behaviours and their neural correlates, and thus risk for stress-related disease.
5-HTT gene variance during pre-encounter
The risk of threat exposure reduces exploratory and foraging behaviours that typically occur in open or unprotected areas where the organism would be easily detectable and unprotected if a threat would appear. As such, defensive behaviour during the pre-encounter phase is reflected in the avoidance of potential threat exposure, for example, by a reduction in exploratory and foraging behaviours, or reorganization of ongoing behaviour in order to prepare for potential threat. KO rats, compared to wild-type (WT) controls, typically display reduced exploration of relatively risky areas (i.e. the centre of an open field, the open arms of the elevated plus maze, and the light zone in the light-dark box), and an increased latency to start feeding in the novelty-induced feeding suppression test [26] [27] [28] [29] [30] [31] . These behaviours are associated with an increased pyramidal neuronal spine density in the orbitofrontal cortex and basolateral amygdala, but not the medial prefrontal cortex [32] . Humans carrying the Sallele of the 5-HTTLPR show greater aversion of risk and loss, but simultaneously more careful and accurate problem solving skills under ambiguous situations in decisionmaking tasks [33, 34] . This increase in loss aversion indicates that when human S-carriers make decisions to obtain a potential reward they are more cautious to avoid potential negative consequents, much akin to KO rats who display reduced foraging for rewards when potential threat may be near. The increased loss aversion is associated with increased amygdala activation and reduced functional coupling between the amygdala and ACC [33] . Taken together, individuals characterised by inherited 5-HTT down regulation appear more sensitive to potential threat in the pre-encounter phase that is coordinated by an amygdala-prefrontal network.
5-HTT gene variance during post-encounter
Defensive behaviour during the post-encounter phase, when the threat has been detected, typically involves passive freezing in both humans and rodents, which is joined by a bradycardic response [35 ] . Freezing may serve as a 'pause to check' the environment while attempting to be invisible for the predator and prepare for a flight-or-fight reaction [35 ] . The most widely used paradigm to measure threat-induced freezing in rats is the aversive Pavlovian conditioning and extinction (recall) test. In this test, a conditioned stimulus (CS, 'the threat') is paired with an aversive unconditioned stimulus (US), for example, foot shock. Following conditioning, the CS evokes threat-related defensive behaviours, such as freezing, in the absence of the US. The repeated presentation of the CS in the absence of the US results in the diminishment of freezing responses (extinction), for which the retention can be tested at a later time point as the return of freezing responses [36] . Whereas 5-HTT KO mice and rats do not differ from WTs in fear conditioning [37, 38] , they display increased freezing during the extinction of conditioned fear [37, [39] [40] [41] , and/or during the recall of the extinction memory [38, [40] [41] [42] [43] . Since fear memory (for the CS-US pairing) itself is unaffected by 5-HTT KO [37] , and 5-HTT KO rats show reduce object recognition memory [44] , this elevated freezing is likely caused by an increased experience of CS-saliency by 5-HTT KO rodents instead of improved acquisition of fear learning. In support, we found that CS exposure during early extinction trials, when 5-HTT KO and WT rats display similar levels of freezing, is associated with increased bradycardia in KOs. This exaggerated defensive response is associated with an increased recruitment of GABAergic (somatostatin; SOM+) projection neurons in the CeA, disinhibiting vlPAG excitatory outputs (Schipper et al. submitted). Reduced expression of the 5-HT 1A receptor in CeA SOM + neurons, as previously reported for 5-HTT KO animals [6] and 5-HTTLPR sallele carriers [45] , provides a potential mechanism for their increased activation and resulting freezing behaviour. Other studies found that increased freezing in 5-HTT KO animals is associated with increased theta synchronization between the prefrontal cortex and amygdala [41] , enhanced amygdala dendritic complexity, greater spine density in the prefrontal cortex [38] , and increased cerebral blood flow in the amygdala and insula [43] . Human 5-HTTLPR S-allele carriers show increased amygdala responses to emotional faces (which may be considered social signals of distant threat) [46] , and greater skin conductance and startle responses during threat conditioning [47] [48] [49] . These exaggerated physiological defensive responses in humans in the postencounter phase are associated with increased neural activation in the amygdala, dorsomedial prefrontal cortex, insula, hippocampus, thalamus, striatum [49, 50] . Although initial evidence exists for impaired extinction learning in S-carriers (http://repository.ubn.ru.nl/ bitstream/handle/2066/115716/115716.pdf), this remains to be investigated. In conclusion, 5-HTT KO animals and 5-HTTLPR s-allele carriers display increased defensive responses during the post-encounter phase, which is associated with increased amygdala reactivity and changes in amygdala-prefrontal connectivity. The similarity in neural correlates involved in pre-and postencounter responses suggests that further investigation of the temporal dynamics of these responses is required.
5-HTT gene variance during circa-strike
Typical defensive behaviours circa-strike involve fight and flight responses. In rodents, confrontation with an intruder entering the resident's home territory is consistently associated with more wounds, longer attack latency, lower levels of aggression, and increased anxiety in 5-HTT KO mice and rats [51] [52] [53] [54] [55] , indicating a suboptimal fight response. The additional observation of enhanced escape from threat in active avoidance and learned helplessness paradigms [56, 57] , suggests that 5-HTT KOs may display a preference for flight over fight behaviour. No data are available on 5-HTT modulation of dlPAG recruitment during circa-strike (or other conditions). However, literature indicates that both in the dorsomedial thalamus and dlPAG, 5-HT 1A receptors (which are down regulated in 5-HTT KO animals [6]) mediate escape responses. 5-HT 1A receptor agonists in these regions increase the threshold electrical current intensity applied into the dlPAG necessary to elicit escape [58] , and impair the escape response evoked by electrical stimulation of this region [59] , as well as the escape response performed in the elevated T-maze [60] . Therefore, we speculate that the increased escape behaviour of the 5-HTT KO animals is due to decreased 5-HT 1A -mediated inhibition of the dlPAG. Laboratory tasks to assess aggression in humans are limited for practical and ethical reasons and therefore little is known about 5-HTTLPR on the neural mechanisms of circastrike behaviours. Available human studies have generated contradicting findings of both increased anger and aggression traits in 5-HTTLPR s-allele carriers [61] , and reduced feedback-related negativity responses and punishment of unfair social offers [62 ] . This variability could well stem from differences in parental behaviour [63] , other gene x environment interaction factors, or additional genetic variance (e.g. caused by a potential linkage disequilibrium) in the 5-HT system [64] . In sum, rodent studies suggest that greater 5-HTT availability biases animals towards avoidance and flight and away from fight behaviours, but human literature is contradictory. Hence the proposed role for 5-HTT in circa-strike behaviours requires more careful investigation in humans to be confirmed.
Discussion and conclusion
Overall, individuals characterized by inherited 5-HTT down regulation seem to be overly prepared for potential threat, and successfully switch to freezing and flight, but not fight (Figure 1(b) ). 5-HTT gene down regulation may thus facilitate adaptive responding to threat by minimizing risk of exposure, which could explain its evolutionary maintenance and high prevalence (20%) in the human population [23] . This idea extends the hypothesis that serotonin facilitates defensive responses to potential threat, but appears incongruent with the idea that serotonin inhibits escape responses to proximal danger [24] . 5-HTT KO rodents consistently show reduced fight, while findings in humans are ambiguous, possibly due to variability in environmental conditions as well as genetic background. Several limitations currently exist. First of all, studies so far have focussed on acute threat, and it remains unclear is how defensive behaviours alter during sustained threat. Moreover, at the neural level, rodent studies into 5-HTT availability are largely limited to the prefrontal cortex and amygdala, while the neurocircuitry underlying the threat imminence continuum (Figure 1 ) is far broader than these two areas. Moreover, studies available are either limited by their poor spatial resolution (human fMRI), or relatively poor temporal sampling resolution required to distinguish distinct phases of threat imminence, and experimental designs often allow for a very restricted display of defensive behaviours (in rodents). Clearly, we need rodent studies targeting the behavioural and neural responses to varying levels of threat imminence within a single animal in more ecological paradigms, preferably combined with continuous recordings of neural activity. Furthermore, future research should invest in behavioural paradigms that allow cross-species comparisons of defensive behaviours along the threat imminence continuum. Virtual reality for humans and experiencing a comparable reality to that possible in animals may be a way to achieve this.
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